In order for cancer cells to survive during metastasis, they must overcome anoikis, a caspase-dependent cell death process triggered by extracellular matrix (ECM) detachment, and rectify detachment-induced metabolic defects that compromise cell survival. However, the precise signals used by cancer cells to facilitate their survival during metastasis remain poorly understood. We have discovered that oncogenic Ras facilitates the survival of ECM-detached cancer cells by using distinct effector pathways to regulate metabolism and block anoikis. Surprisingly, we find that while Ras-mediated phosphatidylinositol (3)-kinase signaling is critical for rectifying ECM-detachment-induced metabolic deficiencies, the critical downstream effector is serum and glucocorticoid-regulated kinase-1 (SGK-1) rather than Akt. Our data also indicate that oncogenic Ras blocks anoikis by diminishing expression of the phosphatase PHLPP1 (PH Domain and Leucine-Rich Repeat Protein Phosphatase 1), which promotes anoikis through the activation of p38 MAPK. Thus, our study represents a novel paradigm whereby oncogene-initiated signal transduction can promote the survival of ECM-detached cells through divergent downstream effectors. Cell Death and Differentiation (2016) 23, 1271-1282 doi:10.1038/cdd.2016 published online 26 February 2016 Cancer metastasis, the spread of cancer cells to distant parts of the body, accounts for~90% of cancer-related deaths and represents an inherently difficult clinical challenge.
Cancer metastasis, the spread of cancer cells to distant parts of the body, accounts for~90% of cancer-related deaths and represents an inherently difficult clinical challenge. 1, 2 It has become clear that for successful metastasis to occur, cells must overcome a caspase-dependent cell death mechanism, anoikis, which is triggered by detachment from the extracellular matrix (ECM). 3 In addition to anoikis evasion, cancer cells must also contend with anoikis-independent cellular alterations that can compromise cellular viability. 4 Chief among these alterations are metabolic deficiencies that are induced by ECM detachment. [5] [6] [7] These metabolic alterations involve deficiencies in ATP generation, elevated levels of reactive oxygen species, and the induction of autophagy. 6, 8, 9 Although recent studies have begun to unravel the strategies used by cancer cells to ameliorate metabolic deficiencies during ECM detachment, 10 the signal-transduction cascades responsible for regulating metabolism during ECM detachment in cancer cells remain almost entirely unexplored.
The activation of oncogenic signaling pathways is critical to anchorage-independent growth and ultimately to the survival of a variety of distinct cancer cell types during ECM detachment. 4, 11 Presumably, this oncogenic signaling is also necessary for resolving the aforementioned ECM-detachment-induced metabolic deficiencies. ErbB2 overexpression in mammary epithelial cells results in a stimulation of phosphatidylinositol (3)-kinase (PI(3)K)/Akt signaling to promote glucose uptake and ATP generation. 6 These data raise the question as to how cancer cells that lack ErbB2 overexpression rectify metabolic deficiencies during ECM detachment. Does activation of other oncogenic signaling pathways facilitate ATP generation during ECM detachment, and are similar downstream effectors used? The design of novel chemotherapeutic approaches to eliminate ECM-detached cancer cells requires a better understanding of the signaltransduction cascades that regulate metabolism during ECM detachment.
The Ras oncogene is mutated in~30% of all human cancers, typically resulting in constitutive activation via mutations in codon 12, 13, or 61. [12] [13] [14] Given the frequency with which Ras mutations arise in cancers, it seems reasonable to speculate that Ras signaling may be involved in facilitating the survival of ECM-detached cells. Indeed, previous studies in intestinal epithelial cells suggest that Ras activation can promote anoikis evasion, 15 although significant ambiguities exist with regard to the precise downstream signaling that is involved. 16 Once activated, Ras is well known to activate ERK and Akt, which have well-documented roles in promoting cell survival in cancer cells. 12 More specifically, the ability of Ras to modulate metabolism during ECM detachment would be consistent with its known capabilities to activate PI(3) K and the proficiency with which PI(3)K signaling promotes glucose uptake and ATP generation. 17 Given this and the aforementioned studies demonstrating that ErbB2 promotes ATP generation during ECM detachment by activating PI(3)K and Akt, 6 it seems reasonable to speculate that Ras promotes metabolic activity through a similar signal-transduction cascade.
Here, we uncover a surprising and novel signal-transduction pathway operating downstream of oncogenic Ras to promote the survival of ECM-detached cancer cells. Interestingly, rather than relying on PI(3)K/Akt to promote ATP generation, we have found that Ras overcomes ECM-detachmentinduced ATP deficiencies through the activation of a distinct PI(3)K effector, serum and glucocorticoid-regulated kinase-1 (SGK-1). Furthermore, anoikis resistance in cells harboring Ras mutations relies on the downregulation of the PHLPP1 (PH Domain and Leucine-Rich Repeat Protein Phosphatase 1) phosphatase. Despite the well-known proclivity of PHLPP1 to dephosphorylate and deactivate Akt, we have discovered that PHLPP1 mediates anoikis through the activation of the p38 MAPK pathway. These data identify novel downstream targets that could be used for the development of chemotherapeutic approaches aimed at antagonizing the ability of Ras to eliminate deficits in ATP generation and block anoikis. Furthermore, our data substantially refine the current understanding of Ras signaling to suggest that Ras-mediated signal transduction can promote the survival of ECM-detached cells through divergent downstream effectors.
Results
Oncogenic Ras promotes ATP generation through a PI(3) K-dependent, Akt-independent signaling pathway in ECM-detached cells. To examine the ability of oncogenic Ras to promote ATP generation and cell viability during ECM detachment, we engineered MCF-10A cells to stably express constitutively active H-Ras (G12V, hereafter referred to as 10A HrasG12V) or K-Ras (G12V, hereafter referred to as 10A KrasG12V). Indeed, hyperactive Ras promotes ATP generation in ECM-detached (but not ECM-attached) cells (Figure 1a) . This corresponds to an increase in the viability of ECM-detached cells (Figure 1b) . Given that PI(3)K signaling is well known to operate downstream of Ras, 6 we investigated if PI(3)K also operates to promote ATP generation. As expected, inhibition of PI(3)K signaling compromises ATP production in a dose-dependent manner in both 10A HrasG12V and 10A KrasG12V cells (Figure 1c) . However, when examining phosphorylation of the PI(3)K effector Akt, we surprisingly observe minimal changes in Akt (S473) phosphorylation (Figure 1c) . To confirm the efficacy of the inhibitor, we blocked PI(3)K signaling in MCF-10A cells overexpressing insulin growth factor receptor 1 (10A IGF-1R) and observed the expected loss of Akt phosphorylation (Figure 1d ). These data therefore suggest that ATP generation in ECM-detached cells downstream of oncogenic Ras is occurring through a PI(3)K-dependent, but Akt-independent mechanism.
SGK-1 activation is sufficient to promote ATP production and cell survival during ECM detachment. Given that Akt does not appear to be a relevant mediator of ATP generation downstream of PI(3)K (in the presence of oncogenic Ras) during ECM detachment, we assessed the contribution of SGK-1, another AGC family kinase known to operate downstream of PI(3)K. 6 SGK-1 shares significant sequence identity with Akt and has previously been linked to the regulation of glucose transporter localization. 6, [18] [19] [20] In our 10A HrasG12V and 10A KrasG12V cells, we see a decrease in SGK-1 activation upon PI(3)K inhibition as measured by phosphorylation status of Sek1 at serine 80 (Figure 1e ), a canonical downstream SGK-1 target. 21 In addition, we observe an increase in the phosphorylation of Sek1 in the presence of oncogenic Ras mutations (Figure 1f ). This increase in Sek1 phosphorylation downstream of oncogenic Ras occurs in both ECM-detached and -attached cells with similar kinetics (Supplementary Figures S1A and S1B) .
To examine if SGK-1 is sufficient to promote ATP generation and survival during ECM detachment, we generated MCF-10A cells that express constitutively active SGK-1 (S422D, hereafter referred to as 10A S422D). Overexpression and constitutive activation of SGK-1 was confirmed via immunoblotting for SGK-1 and phospho (p)-Sek1 (Figure 2a) . When grown in ECM-detached conditions, we observe an increase in glucose uptake (Figure 2b Figure S2B) . Furthermore, using a 3D cell culture model of mammary acini where the hollow lumen is normally generated by ECM-detachment-induced cell death, 6 we find that constitutive activation of SGK-1 can promote luminal filling and cell survival (Figure 2e ). Interestingly, constitutively active SGK-1 does not influence caspase activation in either ECM-attached or -detached cells (Figure 2f ), suggesting that the effects of SGK-1 activation on ATP generation and viability are independent of anoikis.
To ascertain the importance of SGK-1 kinase activity for the observed changes in ATP generation and cell viability during ECM detachment, we expressed kinase-dead SGK-1 (K127M) in MCF-10A cells (hereafter referred to as 10A K127M). Immunoblotting for p-Sek1 confirmed the lack of SGK-1 kinase activity in these cells (Figure 2g ). In contrast to constitutively active SGK-1 (S422D), the expression of SGK-1 (K127M) does not promote ATP production or cell viability in ECM-detached cells (Figures 2h and i) . Thus, our data suggest that the SGK-1-mediated increase in ATP generation and cell viability is a direct consequence of SGK-1 kinase activity.
SGK-1 is required for the promotion of ATP generation downstream of oncogenic Ras during ECM detachment. Given that SGK-1 kinase activity is sufficient to promote ATP generation during ECM detachment, we next investigated the role of SGK-1 downstream of oncogenic Ras during ECM detachment. Indeed, 10A HrasG12V and 10A KrasG12V cells have elevated SGK-1 activity (Figure 1f ), ATP production ( Figures 1a and c) , glucose uptake (Figure 3a) , and cellular viability (Figure 1b) . To more directly examine the role of SGK-1 in Ras-mediated regulation of ATP generation, we eliminated SGK-1 expression (and concomitant activity; Figure 3b ) in 10A HrasG12V cells using short hairpin RNA (shRNA) (10A HrasG12V shSGK-1). Elimination of SGK-1 in these cells results in a loss of glucose uptake (Figure 3c ), diminished ATP generation (Figure 3d) , and a loss of cell viability (Figure 3e) . Interestingly, the loss of SGK-1 signaling is only detrimental to ECM-detached cells, as SGK-1 knockdown does not alter ATP production in ECM-attached cells ( Figure 3d ). As we observed in our 10A S422D cells, the loss of ATP production in 10A HrasG12V shSGK-1 cells occurs in both glucose-rich and -limiting conditions (Supplementary Figure S3A) .
To further validate the shRNA data, we used a pharmacological inhibitor of SGK-1 kinase activity, EMD638683, to assess the contribution of SGK-1 kinase activity to ATP generation and viability in 10A HrasG12V cells. Successful inhibition of SGK-1 in these cells was confirmed via immunoblotting for p-Sek1 ( Figure 3f ). As expected, pharmacological inhibition of SGK-1 kinase activity resulted in a decrease in ATP production ( Figure 3g To extend our studies into cancer cell lines with endogenous-activating Ras mutations, we used a colorectal cancer cell line (HCT116), which contains a G13D mutation in K-Ras. Figures S4B and S4C ). These data suggest that the ability of SGK-1 kinase activity to promote the survival during ECM detachment is also present in cancer cells with endogenous-activating mutations in Ras.
Oncogenic Ras downregulates PHLPP1 to evade anoikis. The survival of cancer cells during ECM detachment requires rectifying ECM-detachment-induced loss of ATP generation (accomplished in this case by Ras-mediated SGK-1 activation) and blocking caspase activation (anoikis). 4 Given that we did not discern a role for Ras-mediated SGK-1 signaling in anoikis regulation (Figure 2f and Supplementary Figures S3B, S3C, S4B and S4C), we hypothesized that oncogenic Ras may use a distinct signaling pathway to block anoikis. Indeed, oncogenic Ras (either H-Ras or K-Ras) can effectively inhibit caspase-3/7 activation (Figure 5a ) and promote cell viability (Figure 5b ) during ECM detachment. These changes in caspase activation are specific to ECM-detached cells, as the introduction of oncogenic Ras does not inherently alter caspase activation in ECM-attached cells (Figure 5a ). While contemplating Ras-mediated signaling pathways that may be responsible for this anoikis inhibition, we revisited our surprising results from Figure 1c : Akt phosphorylation in cells with oncogenic Ras is only marginally affected when PI(3)K is inhibited. We reasoned that this might be due to diminished phosphatase activity and hence the resulting phosphorylated (and activated) Akt may have an important role in anoikis inhibition. The phosphatase PHLPP1 is known to negatively regulate Akt by dephosphorylating the hydrophobic motif (S473). 23, 24 To examine if PHLPP1 is negatively regulated by Ras, we assessed PHLPP1 levels in the presence and absence of oncogenic Ras. Indeed, the expression of oncogenic Ras is sufficient to lower the quantities of PHLPP1 in MCF-10A cells (Figure 5c ). To examine if changes in PHLPP1 have the capacity to regulate anoikis, we engineered MCF-10A cells to be deficient in PHLPP1 (10A shPHLPP1) and confirmed that PHLPP1 reduction did lead to an increase in Akt phosphorylation (Figure 5d ). Reduction of PHLPP1 in MCF-10A cells is sufficient to inhibit caspase-3/7 activation during ECM detachment (Figure 5e ) and to promote the viability of ECM-detached cells (Figure 5f ). Furthermore, acinar structures derived from MCF-10A cells deficient in PHLPP1 have increased luminal filling, which is indicative of enhanced survival during ECM detachment (Figure 5g ).
To examine if the Ras-mediated elimination of PHLPP1 is necessary for anoikis inhibition, we rescued PHLPP1 expression in MCF-10A derivatives with activating Ras mutations and HCT116 cells, and confirmed PHLPP1 expression in each cell line (Figure 6a) . Indeed, when PHLPP1 expression is rescued, there is a substantive increase in caspase-3/7 activation (Figure 6b ). Furthermore, in HCT116 cells with PHLPP1 overexpression, there is a marked decrease in anchorageindependent growth in soft agar (Figure 6c) . Treatment with the pancaspase inhibitor z-VAD-fmk rescued anchorageindependent growth in HCT116 cells engineered to express PHLPP1 (Figure 6c ), but had a negligible effect on HCT116 EV cells. These data suggest that PHLPP1-mediated caspase activation is responsible for the loss of colony formation in soft agar. Interestingly, the increase in anoikis induction as a result of PHLPP1 expression occurs independently of the regulation of ATP generation (Supplementary Figures S5A, S5B and S5C).
PHLPP1-mediated rescue of anoikis in cells with
Ras mutations is dependent on p38 MAPK. Much to our surprise, when we examined the phosphorylation of Akt following PHLPP1 expression in either 10A HRasG12V or HCT116 cells, we did not observe an appreciable loss of p-Akt (Figure 7a ). This suggested that the ability of PHLPP1 to promote anoikis might be independent of its ability to dephosphorylate Akt. In support of this possibility, we found that the levels of FKBP5, which has been shown to function as a scaffolding protein to target PHLPP1 to Akt, 20 are substantially reduced in the presence of oncogenic Ras (Figure 7b ). This loss of FKBP5 would render PHLPP1 obsolete in its ability to target and dephosphorylate Akt, suggesting that PHLPP1-mediated anoikis is unlikely to be due to Akt regulation. Another common target of PHLPP1 is the ERK/MAPK pathway, 25 ,26 but we observe no change in p-ERK when PHLPP1 is overexpressed (Figure 7a ).
Given that neither Akt nor ERK seem to be the relevant target of PHLPP1 responsible for anoikis induction, we next investigated the role of the p38 MAPK pathway in PHLPP1-mediated anoikis. Recently, Mst-1 has been identified as a substrate of PHLPP1. Desphosphorylation activates Mst-1 and ultimately leads to stimulation of p38 MAPK activity. 25 Indeed, in 10A HrasG12V and HCT116 cells, the expression of PHLPP1 results in an increase in p38 MAPK activation (that can be blocked by the p38 MAPK inhibitor SB203580) as measured by phosphorylation of the downstream target MAPKAPK2 27 ( Figure 7c) . Furthermore, SB203580 treatment leads to a significant reduction in PHLPP1-mediated caspase-3/7 activation (Figure 7c) . Taken together, these data SGK-1 and PHLPP1 cooperatively function to promote the survival of ECM-detached cancer cells. Given that our data support a model by which Ras facilitates cell survival during ECM detachment through distinct downstream signaling pathways, we sought to investigate if there is any synergy between SGK-1 and PHLPP1/p38 MAPK in promoting anchorage-independent growth. To examine this possibility, we engineered HCT116 shSGK-1 cells to express PHLPP1 (Figure 7d) . Indeed, in HCT116 shSGK-1 cells we see a decrease in anchorage-independent growth that is further diminished by the addition of PHLPP1 (Figure 7d ). These data suggest that the simultaneous modulation of both SGK-1 and PHLPP1/p38 MAPK signaling during ECM detachment can function cooperatively to influence anchorage-independent growth.
Given the aforementioned data, it is reasonable to surmise that simultaneous activation of SGK-1 and inhibition of p38 MAPK may be able to enhance the viability of cells treated with PI(3)K inhibitors. Indeed, overexpression of constitutively active SGK-1 (S422D) and inhibition of p38 MAPK (with SB203580) rescues cell death induced by PI(3)K inhibition (Figure 7e ). We next sought to further assess the individual contributions of the SGK-1 and p38 MAPK pathway. Interestingly, while p38 MAPK inhibition alone is not sufficient to promote viability of ECM-detached cells upon PI(3)K inhibition, p38 MAPK inhibition did cooperate with constitutive activation of SGK-1 to elevate viability (Figure 7f ). Taken together, these data suggest that simultaneous activation of SGK-1 and inhibition of p38 MAPK can promote the viability of cells treated with a PI(3)K inhibitor.
We next sought to ascertain if patients afflicted with colorectal adenocarcinomas containing Ras mutations harbored evidence of concomitant regulation of SGK-1 and PHLPP1. Indeed, in these patients, there is a statistically significant negative correlation between levels of oncogenic K-Ras and phosphorylation of p38 MAPK at threonine 180 (Figure 7g) . Furthermore, in these same patients, there exists a statistically significant positive correlation between levels of oncogenic K-Ras and phosphorylation of p27/KIP1 at threonine 157, a site well known to be phosphorylated by SGK-1 28 ( Figure 7g) . In aggregate, these data suggest that differential and concurrent regulation of ATP production and caspase activation (anoikis) downstream of oncogenic K-Ras through 
Discussion
Given that it is now appreciated that cancer cells must rectify metabolic defects (e.g. ATP generation) in addition to blocking caspase activation (anoikis) to survive during ECM detachment, 4 it is critically important to understand the precise molecular mechanisms involved in mediating both anoikis and metabolism. The data described here outline a unique, multifaceted signaling pathway operating downstream of oncogenic Ras to permit anoikis inhibition and stimulate ATP production ( Figure 8 ). Our data place Ras signaling in contrast to ErbB2 with regard to metabolic regulation during ECM detachment, as previous studies have shown that ErbB2 promotes ATP generation through PI(3)K-mediated activation of Akt (rather than SGK-1). 6 These data suggest that the strategies used by cancer cells to alleviate deleterious metabolic changes (and block anoikis) may vary considerably across tumor types and contexts. 11, 29, 30 Additional studies examining the relationship between oncogenic signaling and metabolism in ECM-detached cancer cells are warranted to better ascertain the best strategies to facilitate their elimination.
The identification of SGK-1 as a primary mediator of ATP generation downstream of oncogenic Ras adds to the growing body of literature, suggesting that molecules other than Akt can function downstream of PI(3)K to modulate distinct cellular functions in cancer cells. 18, 31 Our studies suggest that ECMdetached cells with oncogenic Ras mutations could be compromised by SGK-1 inhibition. Indeed, the development of SGK-1 antagonists has already commenced in other cancers, 32 ,33 and our results suggest that similar inhibitors may be efficacious in eliminating ECM-detached cells with Ras mutations. Interestingly, our findings are also consistent with data suggesting that SGK-1 activity can mediate the sensitivity of cancer cells to targeted therapies. 34 It is noteworthy that other investigators have discovered that SGK-1 can interact with proteins at the mitochondria and can inhibit the induction of necrotic cell death. 19, 35 Our data implicating SGK-1 in ATP generation may provide additional insight into these connections between SGK-1 and mitochondrial integrity.
Much like SGK-1, interest in understanding PHLPP1 regulation during tumorigenesis has intensified over the past few years. Studies from a number of labs have now implicated loss of PHLPP1 activity as an important facet of cancer cell survival. 23, [36] [37] [38] That being said, despite the fact that PHLPP1 has a predicted Ras-associated domain, 39 our study is the first (to our knowledge) to directly link downregulation of PHLPP1 to oncogenic Ras signaling. In addition, the majority of studies aimed at understanding PHLPP1 in cancer cells have focused on PHLPP1's ability to dephosphorylate Akt. Our data suggest that PHLPP1-mediated anoikis is not reliant on Akt dephosphorylation, but is instead dependent on activation of the p38 MAPK pathway. Our data provide an important and novel physiological setting by which PHLPP1-mediated activation of p38 MAPK could be important in the context of tumor progression.
In fact, our data suggest that the most effective way to eliminate ECM-detached cells with Ras mutations would be by stimulating p38 MAPK (and inducing anoikis) while simultaneously antagonizing SGK-1 (and blocking ATP generation). Indeed, our analysis of publically available reverse phase protein array (RPPA) data from colorectal cancer patients (Figure 7g ) demonstrates a correlation between mutant K-Ras levels, activation of SGK-1, and inactivation of p38 MAPK. However, while these data are consistent with the notion that simultaneous activation of p38 MAPK and inhibition of SGK-1 might be an effective therapeutic strategy, future experiments aimed at assessing the efficacy of such a regimen will be critical to the development of novel chemotherapies designed to eradicate ECM-detached cancer cells.
Materials and Methods ATP assays. To measure ATP levels in ECM-detached cells, 400 000 cells were plated in 6-well poly-(2-hydroxyethyl methacrylate)-(poly-HEMA; Sigma-Aldrich, St. Louis, MO, USA) coated plates for the amount of time indicated in the figure legends. The ATP Determination Kit (Invitrogen, Carlsbad, CA, USA) was used following normalization of total protein concentration according to the manufacturer's instructions. In LY294002 (Calbiochem, Billerica, MA, USA) and EMD638683 (ApexBio, Houston, TX, USA) experiments, the indicated concentration of inhibitor was added at the time of plating. All data presented are representative images from at least three independent replicates.
Caspase-3/7 assays. Cells were plated at a density of 13 000 cells per well on 96-well poly-HEMA-coated plates. Caspase activation was measured using the CaspaseGlo 3/7 Assay Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. In p38 (SB203580; Cell Signaling Technologies, Danvers, MA, USA), SGK-1 kinase (EMD638683), and staurosporine (STS; Sigma-Aldrich) experiments, the indicated concentration of the inhibitor was added at the time of plating. For SB203580 experiments, the inhibitor was added every 24 h (12 h for 10A HrasG12V PHLPP1) throughout the duration of the experiment. All data presented are representative images from at least three independent replicates. 
